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Abstract

The micronutrient iron plays a major role in setting the magnitude and dis-
tribution of primary production across the global ocean. As such, an under-
standing of the sources, sinks, and internal cycling processes that drive the
oceanic distribution of iron is key to unlocking iron’s role in the global car-
bon cycle and climate, both today and in the geologic past. Iron isotopic anal-
yses of seawater have emerged as a transformative tool for diagnosing iron
sources to the ocean and tracing biogeochemical processes. In this review,
we summarize the end-member isotope signatures of different iron source
fluxes and highlight the novel insights into iron provenance gained using this
tracer.We also reviewways in which iron isotope fractionationmight be used
to understand internal oceanic cycling of iron, including speciation changes,
biological uptake, and particle scavenging.We conclude with an overview of
future research needed to expand the utilization of this cutting-edge tracer.
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1. INTRODUCTION

Iron (Fe) is a keymicronutrient in the oceans that is required by phytoplankton for photosynthesis,
respiration, and nitrogen fixation (Twining & Baines 2013). Although it is the fourth most abun-
dant element in Earth’s upper continental crust (Rudnick & Gao 2014), it suffers from extremely
low solubility in oxic seawater (Liu & Millero 2002). Consequently, subnanomolar surface-ocean
dissolved Fe (dFe) concentrations limit primary production across up to 40% of the global surface
ocean (Moore et al. 2002), principally in the high-nutrient, low-chlorophyll Southern, equatorial
Pacific, and subarctic Pacific Oceans. Thus, dFe distributions play a major role in controlling
global primary production and carbon export (Tagliabue et al. 2017), both in the modern ocean
and in the geologic past (Martin 1990).

The climate interest in Fe has sparked amajor effort over the last 30 years to learnwhat controls
the global oceanic Fe cycle.The InternationalGEOTRACESProgram,which seeks to understand
the sources, sinks, and internal cycling of trace elements and their isotopes across ocean sections,
has significantly furthered these efforts (Anderson 2020).While the Fe supply was once thought to
be dominated by dust fluxes, GEOTRACES has shown that margin sediment and hydrothermal
vents may be equally or more significant sources of Fe to the global ocean (reviewed in Tagliabue
et al. 2017), while sources such as rivers, glaciers, and sea ice can also be regionally important.

However, marine Fe distributions are more complicated than simple proximity to source. Fe
has two oxidation states—the more soluble Fe(II) and the less soluble Fe(III)—and exhibits strong
redox sensitivity to pH, oxygen, and photochemical conditions. As a result of these redox trans-
formations, Fe has complex chemical speciation in seawater, with Fe(II) rapidly oxidized to Fe(III)
in the presence of oxygen over a timescale of seconds to hours and quickly forming Fe(III) oxy-
hydroxide precipitates (Liu & Millero 2002). Moreover, the distributions of dFe in the ocean are
bolstered above solubility limits by the chelation of Fe by organic ligands, including but not lim-
ited to bacterially produced siderophores, terrestrially derived humic acids, and other less specific
biological by-products (Gledhill & Buck 2012). These Fe–organic complexes keep Fe dissolved
in seawater, as it would otherwise be rapidly scavenged onto sinking particles; instead, the ligand-
bound Fe dissolved in seawater is thought to have a residence time of 25–270 years (Bergquist &
Boyle 2006a, Hayes et al. 2015).

The complex physicochemical speciation of Fe in seawater means that the Fe pool is opera-
tionally defined. For example, total Fe (FeT) in seawater is defined as:

FeT = dFe + pFe = sFe + cFe + pFe,

where dFe and particulate Fe (pFe) are operationally separated with a 0.2- or 0.4-μm filter. dFe
comprises both soluble Fe (sFe) species, which are truly dissolved Fe compounds (defined as
<0.003 μm or <0.02 μm), and colloidal Fe (cFe) species, which are the nanoparticulate Fe species
that pass through bulk particle filters but are not truly dissolved (Fitzsimmons & Boyle 2014). sFe,
cFe, and pFe species can be organic or inorganic in nature. GEOTRACES has now provided a
large database of these Fe concentrations across much of the oceans (Schlitzer et al. 2018).

Fe’s complex speciation and range of biotic and abiotic transformations control its oceanic
distribution over short timescales (significantly shorter than ocean overturning), allowing for sig-
nificant regional variability in processes, distributions, and availability to phytoplankton. Such
variability has led naturally to efforts to identify and even quantify Fe fluxes to different source
regions. GEOTRACES has addressed this effort by comparing Fe distributions with those of
chemical tracers unique to individual source fluxes (Anderson 2020). Global Fe biogeochem-
ical modeling efforts have also increased in recent years, and while many of these models
emulate observed dFe distributions fairly well, the complexities in parameterizing Fe fluxes and
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transformations have led to significant variability in estimates of the magnitude of specific Fe
sources and the resulting Fe residence times (Tagliabue et al. 2016).

One additional tool developed in the last 20 years that has revolutionized our ability to identify
the sources of Fe to seawater is the measurement of the ratio of the stable isotopes of dFe in
seawater. Fe has four natural stable isotopes of varying abundances (54Fe, 5.8%; 56Fe, 91.7%; 57Fe,
2.2%; and 58Fe, 0.3%) and undergoes mass-dependent isotope fractionation ( Johnson et al. 2020).
The Fe isotope ratio is typically defined as the 56Fe/54Fe ratio expressed in delta notation relative
to Institute for Reference Materials and Measurements Standard 014 (IRMM-014) as

δ56Fe =
(

56Fe/54Fesample
56Fe/54FeIRMM-014

− 1

)
× 1,000 (in �).

The δ56Fe of upper continental crust material is +0.09‰ (Beard et al. 2003); δ56Fe less than this
is said to be isotopically light (containing relatively more of the light isotope 54Fe than the crust),
and δ56Fe larger than this is said to be isotopically heavy (containing relatively more of the heavy
isotope 56Fe than the crust).

There has been a significant expansion in δ56Fe measurements of seawater in the last 15 years
(Figure 1), leading to major advances in the diagnosis of Fe sources and internal cycling processes
that drive oceanic Fe biogeochemistry. These studies have further stimulated efforts to use δ56Fe
in oceanic archives as proxies for redox cycling, source characterization, and paleoproductivity in
the past oceans (see the sidebar titled Back Through Time). Here, we review the literature on dis-
solved δ56Fe in seawater, with an emphasis on how δ56Fe measurements have revolutionized our
understanding of marine Fe biogeochemistry. In Section 2, we briefly review Fe isotope method-
ology and the major Fe isotope fractionation pathways. In Section 3, we characterize the δ56Fe
signatures of individual Fe source fluxes to the ocean and their uncertainties, and in Section 4,
we highlight several groundbreaking case studies that applied these δ56Fe signatures to quantify
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Figure 1

Three-dimensional visualization of dissolved Fe isotope ratios (δ56Fe) along GEOTRACES sections in (a) the Atlantic and (b) the
Pacific. Data are originally from Cyril Abadie, Tim Conway, Jessica Fitzsimmons, Joshua Helgoe, Hannah Hunt, Seth John, François
Lacan, Nathan Lanning, Franck Poitrasson, Amadine Radic, Matthias Sieber, Yoshiki Sohrin, Brent Summers, Shotaro Takano, Emily
Townsend, and Derek Vance; they are available in the GEOTRACES Intermediate Data Product 2021 (GEOTRACES Int. Data Prod.
Group 2021) or are unpublished (GA08 and GP15, provided by Jessica Fitzsimmons and Tim Conway). The visualizations were created
and provided by Reiner Schlitzer, Alfred Wegener Institute, Bremerhaven, Germany. Abbreviation: IRMM-014, Institute for Reference
Materials and Measurements Standard 014.
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BACK THROUGH TIME

δ56Fe measurements have also found utility in studies of the marine Fe cycle in the past. For example, marine
ferromanganese crust δ56Fe records have been used to reconstruct oceanic Fe sources back through the Cenozoic
to the Cretaceous (Chu et al. 2006, Horner et al. 2015, Levasseur et al. 2004, Marcus et al. 2015, Zhu et al. 2000).
Deep marine clays are also emerging as a useful archive for reconstructing the marine Fe cycle (Dunlea et al.
2021), and Fe isotopes have informed our understanding of Cretaceous ocean anoxic events (Owens et al. 2012).
While δ56Fe measurements are useful for reconstructing some aspects of the past ocean Fe cycle, recent assessments
suggest that they are unlikely to be useful tracers of past ocean productivity (Horner et al. 2021). Back through deep
time, Fe isotopes from rock archives have been extensively utilized as proxies for understanding processes such as
weathering, global oxygenation, biological activity, and redox cycling in the Precambrian oceans ( Johnson et al.
2020).

which Fe sources supply Fe to seawater. In Section 5, we highlight how δ56Fe can also provide
insights into the internal cycling of marine dFe under certain conditions, and we conclude in
Section 6 with an outlook on what future work is needed to expand the utility of Fe isotopes as a
marine biogeochemical tracer.

2. IRON ISOTOPES BACKGROUND: METHODS
AND FRACTIONATION PATHWAYS

Measurements of the stable isotope ratio of Fe were first attempted in themid-1900s using thermal
ionization mass spectrometry to analyze terrestrial and extraterrestrial samples (Nier 1939, Valley
& Anderson 1947). However, the use of this technique for δ56Fe measurements is challenging for
two reasons: (a) Fe has a poor thermal ionization efficiency, and (b) it suffers from a temporally
variable mass bias during vaporization (Beard & Johnson 1999). Thus, when multicollector induc-
tively coupled plasma mass spectrometry (MC-ICP-MS) methods were popularized in the early
2000s, Fe isotope analyses shifted almost entirely to this new analytical platform,where Fe is much
more easily ionized, enjoys a more stable mass bias, and benefits from higher sample throughput.

Prior to Fe isotope analysis by MC-ICP-MS, matrix removal of interfering elements is re-
quired; wet chemistry methods for Fe purification and strategies for overcoming the molecular
argon interferences (e.g., 40Ar16O on 56Fe) that plague MC-ICP-MS δ56Fe analyses have been
reviewed previously ( Johnson et al. 2020). Studies using these methods have shown that δ56Fe
in natural terrestrial systems varies by a total of ∼8‰, from −4‰ to +4‰, with the majority of
the Fe isotope fractionation occurring during low-temperature fluid–mineral reactions ( Johnson
et al. 2020).

Fe isotope analyses in seawater began in 2007 (de Jong et al. 2007). The seawater matrix intro-
duces extraordinary analytical challenges, including extensive sample processing needed to remove
salts to prevent interferences and occlusion of the cone interface in MC-ICP-MS, as well as the
rigorous trace metal clean conditions needed to avoid contamination of the low Fe abundances
throughout Fe extraction and purification. Additionally, large seawater volumes (1–4 L) are re-
quired for δ56Fe analyses in order to concentrate sufficient Fe atoms for a precise measurement,
particularly since the three low-abundance Fe isotopes together constitute only 8% of total Fe.

Most seawater Fe isotope methods achieve preconcentration of Fe from the seawater matrix
using organic-chelating resins such as nitrilotriacetic acid or Nobias Chelate PA-1 with ethylene-
diaminetriacetic acid functional groups, followed by anion exchange chromatography to purify
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MARINE PARTICLES

Measuring the δ56Fe inmarine particles is challenging, largely due to the variety of particulate Femineral structures,
which have chemical labilities ranging from refractory to easily exchangeable with the dissolved pool. Strong acid
(HF-HNO3) total digests have been used to dissolve the total particulate pool, while selective chemical leaches are
also useful to access the labile, or exchangeable, phase. Here, the major challenge is establishing which leach can
access the relevant exchangeable Fe without fractionating the δ56Fe (Revels et al. 2015b). Despite these challenges,
the limited global particulate δ56Fe data set does provide insights into bio-uptake and scavenging fractionation
factors (Ellwood et al. 2015, Labatut et al. 2014, Radic et al. 2011), dFe–pFe cycling and precipitation related to
oxygen minimum zones (e.g., Chever et al. 2015, Marsay et al. 2018b, Revels et al. 2015a), nonreductive exchange
(Radic et al. 2011), and chemical reactions and transformations (e.g., sulfide versus oxide formation versus ligand
exchange) occurring in proximal and distal hydrothermal plumes (e.g., Bennett et al. 2009, Fitzsimmons et al. 2017,
Lough et al. 2017, Rouxel et al. 2016, Severmann et al. 2004).

the Fe from isobars using microcolumns to minimize procedural blanks (Conway et al. 2013,
John & Adkins 2010, Lacan et al. 2008, Rouxel & Auro 2010). Analysis is then undertaken using
the Thermo Scientific Neptune MC-ICP-MS, usually employing special MC-ICP-MS hardware
to boost sensitivity (e.g., desolvation introduction systems and high-sensitivity cones) and double
spiking techniques to optimize mass bias corrections (Rudge et al. 2009). Suspended pFe filtered
from seawater has also been analyzed for Fe isotopes (see the sidebar titled Marine Particles)
following bulk digestion of filtered particles (Marsay et al. 2018b, Radic et al. 2011). Partial par-
ticulate leaches that mobilize the labile fractions of marine pFe have also been employed but must
be used selectively as some leaches cause kinetic isotope fractionation during processing (Revels
et al. 2015b).

In aqueous solutions such as seawater, both equilibrium and kinetic isotope effects fractionate
Fe isotope ratios during reactions between aqueous components and also between aqueous solutes
and solid phases, includingminerals (Dauphas et al. 2017). Fe isotope fractionation factors during a
chemical reaction are defined as�56Feproduct-reactant = δ56Feproduct − δ56Fereactant or as αproduct/reactant =
(1,000 + δ56Feproduct) / (1,000 + δ56Fereactant). The primary isotope effect that controls δ56Fe in
low-temperature fluids such as seawater is the equilibrium isotope fractionation between aqueous
Fe(II) and Fe(III), with the temperature-dependent equilibrium fractionation factor between the
hexaaqua-coordinated species of Fe, �56FeFe(III)(aq)-Fe(II)(aq), being +3.01‰ (Welch et al. 2003), in-
dicating that Fe(II)(aq) should be isotopically lighter by 3‰ than Fe(III)(aq) in equilibrated solutions
at 22°C. This redox-dominant equilibrium isotope effect has been corroborated by fractionation
experiments between Fe solutes and solid-phase mineral precipitation reactions where, for exam-
ple, Fe(II)(aq) was precipitated to form hydrous Fe(III)–ferrihydrite(s) with a �56Feferrihydrite-Fe(II)(aq)
of+3.2‰ ± 0.2‰ at 25°C (Wu et al. 2011). It is thought that equilibrium Fe isotope fractionation
is dominated by the Fe(II)–Fe(III) redox transformation instead of the precipitation to the solid
phase, since, for example, the isotopic fractionation between Fe(III)(aq) and hematite(s) is only
�56Fehematite-Fe(III)(aq) = −0.1‰ ± 0.2‰ at 98°C (Skulan et al. 2002). There are also peculiar
differences in equilibrium isotope effects related to specific crystal structures; for example, while
the �56Feferrihydrite-Fe(II)(aq) is +3.2‰ ± 0.2‰ at 25°C (Wu et al. 2011), the �56Fegoethite-Fe(II)(aq) is
only +1.05‰ at 25°C (Beard et al. 2010, Frierdich et al. 2014), despite ferrihydrite and goethite
being similar Fe oxides. The known equilibrium and kinetic isotope effects associated with the
full range of Fe minerals were tabulated and reviewed by Johnson et al. (2020).
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The other major equilibrium isotope effect that controls Fe isotope ratios in seawater occurs
during the binding of Fe(III)(aq) by organic ligands,which is important since>99.9% of dFe in sea-
water is thought to be complexed by organic compounds (Gledhill & Buck 2012).Dideriksen et al.
(2008) first reported the equilibrium fractionation between hexaaqua-coordinated Fe and that
complexed by the strong siderophore desferrioxamine-B (DFOB) as �56FeDFOB-hexaaqua Fe(III)(aq) =
+0.6‰ at room temperature. This was expanded to additional Fe-binding organic ligands such
as ethylenediaminetetraacetic acid and oxalate (Morgan et al. 2010). A correlation between these
organic ligands’ �56Feligand-hexaaqua Fe(III)(aq) values and their binding affinities (stability constants)
shows that equilibrium isotope fractionation favors binding of heavier Fe isotopes by the stronger
ligands (Morgan et al. 2010).

3. IRON ISOTOPE END-MEMBER SIGNATURES OF SOURCE FLUXES

Dissolved δ56Fe in seawater has provided significant insights into which source fluxes supply Fe
to the global ocean, with seawater and relevant source materials spanning a large range in δ56Fe
of −5‰ to +2‰ (Figures 2 and 3). Fe enters seawater through a variety of pathways, including
exchange with sediments, dust solubilization, hydrothermal fluxes, riverine and estuarine fluxes,
and cryospheric meltwaters such as glacier and sea ice melt. Each of these source fluxes is variably
influenced by Fe isotope-fractionating redox reactions, solid–solute reactions, and ligand stabi-
lization reactions, both in their formation regions (e.g., dust source and subsequent atmospheric
processing) and during their introduction into seawater (e.g., dust solubilization in surface waters).
Altogether, the isotope effects associated with these cumulative reactions set the δ56Fe of each Fe

Atmosphere

Freshwater

Hydrothermal

Margins
dFe-L

Dust
+0.1‰

+0.7‰?

Sediments
+0.1‰

NRD
+0.1‰

RD
–3.5‰

to –1.5‰

–3.5‰ to
–0.3‰

dFe

Vent fluids
–0.7‰ to –0.1‰ Ocean crust

+0.1‰

Upper
continental
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+0.1‰ dFe-L

Up to +2‰
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Uptake and regeneration
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with particles

Ligand
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Fe-L

Cryosphere
–2.1‰ to

+0.9‰
Rivers and SGD

–1.3‰ to
+1.8‰

Δδ56Feplankton-dFe 

Δδ56FepFe-dFe =
0‰ to –0.7‰?

Δδ56Fe(Fe-L)-Fe(III)

= +0.4‰ to +0.6‰?

Δδ56FedFe-pFe = ?

<0‰?
dFe

= 0‰ to –1‰?

dFe
0‰ to 
+0.4‰

Anthropogenic
–4.1‰ to +0.3‰

Figure 2

Summary of the Fe isotope source signatures (δ56Fe) and isotope fractionation (�56Fe) for internal transformations within the marine
Fe cycle. This figure is based on a schematic from the GEOTRACES Science Plan (adapted from GEOTRACES Group 2006 with
permission from the Scientific Committee on Oceanic Research); citations for the source and fractionation process values can be found
in the main text. Abbreviations: dFe, dissolved Fe; L, ligand; NRD, nonreductive Fe dissolution; pFe, particulate Fe; RD, reductive Fe
dissolution; SGD, submarine groundwater discharge.
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RD in pore waters

NRD in pore waters

RD in seawater
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Submarine groundwater
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Aerosols

NRD in seawater

RD in benthic chambers
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w
ater

Atm
osphere Hydrotherm

al
vents

Figure 3

Ranges for Fe isotope end-member signatures (δ56Fe) of major Fe sources to the ocean. For RD in pore
waters, darker green indicates dFe produced directly by microbial dissimilatory Fe reduction, and lighter
green indicates δ56Fe driven to lighter values by oxidation. Citations for each source can be found in the
main text. Abbreviations: dFe, dissolved Fe; IRMM-014, Institute for Reference Materials and
Measurements Standard 014; L, ligand; NRD, nonreductive dissolution; RD, reductive dissolution.

source as it enters seawater, resulting in characteristic Fe isotope end-member signatures for each
Fe source (Figures 2 and 3) that together offer a road map for fingerprinting different sources.
However, these signatures do vary regionally, as a function of local conditions. In this section, we
review the Fe isotope signatures of each major source flux to the ocean.

3.1. Sediments

Some of the earliest marine Fe isotope studies focused on establishing the Fe isotopic signature of
dissolved Fe(II) deriving frommicrobial dissimilatory Fe reduction (DIR) in sediment pore waters
(Bergquist & Boyle 2006b, Homoky et al. 2009, Severmann et al. 2006). DIR—the process of Fe
reductive dissolution (RD) associated with anaerobic organic carbon respiration—is considered to
be an important Fe release process from sediments into the oceans (Elrod et al. 2004). Pore waters
from California margin sediments showed that dissolved Fe(II) formed in situ by RD within the
anoxic zone of sediments is isotopically light (δ56Fe from−1.5‰ to−3.5‰),while Fe(II) produced
in the sulfidic zone of sediments is isotopically heavier (+0.2‰ to +1.2‰) (Homoky et al. 2013,
2009; Klar et al. 2017a; Roy et al. 2012; Severmann et al. 2006). Production of light Fe(II) during
RD is consistent with expectations from laboratory cultures of Fe-reducing bacteria, which show
large isotope fractionations (Beard et al. 1999; Crosby et al. 2005, 2007; Icopini et al. 2004; Johnson
et al. 2005). dFe formed initially by RD of sediment (δ56Fe of −1.5‰ to −2‰) may then be driven
to even lighter values (down to −5‰, but typically ≥−3.5‰) following precipitation of relatively
heavy Fe(III) oxyhydroxides, consistent with equilibrium �56FeFe(III)(s)-Fe(II)(aq) (Bullen et al. 2001,
Crosby et al. 2007, Homoky et al. 2009, Klar et al. 2017a, Rouxel et al. 2008b, Severmann et al.
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2010). The degree of fractionation likely depends on the number of redox cycles in the particular
pore water environment (Severmann et al. 2006, 2010).

Once RD was discovered to produce light δ56Fe in pore waters, attention turned to whether
such a signature could be transferred to oceanic bottom waters and, if so, serve as a tracer of RD-
derived Fe to the ocean interior. The first insights into this question came from benthic chamber
incubation and water column studies that showed that isotopically light pore water dFe was trans-
ferred to anoxic bottom waters with negligible isotopic fractionation, as seen by signatures of
−3.6‰ maintained over 30 incubation hours (Severmann et al. 2010). Persistence of an isotopi-
cally light RD signature was also observed in the anoxic bottom waters of the Santa Barbara and
San Pedro Basins, with δ56Fe of −3.5‰ and −1.8‰, respectively, averaging −2.4‰ ( John et al.
2012b). Estimates of the δ56Fe of the RD benthic Fe flux vary from−0.9‰ to−3.3‰ (summarized
in Johnson et al. 2020), driven by variability in local sediment, redox, and water column conditions
(Chever et al. 2015; Henkel et al. 2018; Scholz et al. 2014; Severmann et al. 2006, 2010).

Including the above studies, widespread isotopically light Fe (−0.3‰ to −3.6‰) attributed to
RD within the oceanic water column has been observed in many near-margin locations across the
Atlantic, Pacific, Arctic, and Southern Oceans (Abadie et al. 2017; Chever et al. 2015; Conway &
John 2014, 2015; Fitzsimmons et al. 2016; John et al. 2018; Klar et al. 2018; Sieber et al. 2021;
Zhang et al. 2021), as well as in restricted partially anoxic basins such as the Baltic and Black Seas
(Rolison et al. 2018, Staubwasser et al. 2013). Studies have even suggested that light Fe derived
from sediments may be transported over thousands of kilometers through suboxic or oxic ocean
waters ( John et al. 2018, Sieber et al. 2021).However, over sharp Fe gradients such as those associ-
ated with marine oxic–anoxic interfaces, kinetic isotope fractionation during mineral precipitation
may be the dominant control on Fe isotope fractionation, instead of equilibrium isotope effects as-
sociated with redox transformations, with a reverse fractionation factor inferred within sediments
and in several anoxic basins (�56

Fe(III)(s)-Fe(II)(aq) > 0‰) (Henkel et al. 2016, 2018; Homoky et al.
2021; John et al. 2012b; Staubwasser et al. 2013). As such, although the proliferation of light Fe
through the open ocean suggests that light signatures from RD of marine sediments do survive
across oxyclines, further work is needed to distinguish the competing effects of ligand complex-
ation, equilibrium, and kinetic isotope effects in order to best constrain the RD benthic flux end
member and how this might vary both with the environment and with the distance away from
reductive sources into the ocean interior.

A second mode of sediment dissolution, termed nonreductive dissolution (NRD), was identi-
fied based on observations of slightly heavy dFe (+0.4‰) in the water column near Papua New
Guinea (Radic et al. 2011), which, although also attributed to sedimentary Fe release, was much
heavier than that seen for RD. Further evidence for a mechanism of sedimentary release with only
limited fractionation from crustal marine sediments was provided by the observation of near-
crustal dFe (+0.2‰ ± 0.2‰) within oxygenated sediment pore waters (Homoky et al. 2009, 2013)
and in Fe-rich plumes linked to sedimentary additions in the oxic westernNorth Atlantic (Conway
& John 2014) (Figure 1).Most recently, it has been suggested that this mode of dissolution, which
is also called lithogenic release, occurs by the oxic weathering of sediments to produce colloidal-
sized lithogenic particles with crustal δ56Fe (Homoky et al. 2011). The release of Fe from this
process is linked to benthic kinetic energy, nepheloid layers, and resuspension events instead of
bottom water oxygen (Homoky et al. 2021).

3.2. Dust

Natural aerosol dust and loess have a near-homogeneous Fe isotopic composition (+0.1‰ ±
0.1‰) equivalent to that of the upper continental crust (Beard et al. 2003, Conway et al. 2019,
Gong et al. 2017,Mead et al. 2013,Waeles et al. 2007). Furthermore, rapid dissolution of Saharan
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aerosol–derived Atlantic aerosols with ultrapure water, seawater, or ammonium acetate solutions
shows negligible isotope fractionation of the dFe upon release from dust particles (Conway et al.
2019, Waeles et al. 2007). Together, these lines of evidence suggest that crustal δ56Fe is a good
tracer of Fe released by inorganic dissolution of natural aerosol into surface waters, especially
in dusty regions of the ocean, such as the North Atlantic ( Jickells et al. 2005). However, while
suspended pFe from the North Atlantic has a crustal isotope signature (Revels et al. 2015a), dis-
solved δ56Fe data suggest that the integrated result of dFe released by dust dissolution is, in fact,
isotopically heavy (+0.4‰ to +0.8‰), likely as a result of fractionation during organically medi-
ated dust dissolution and internal cycling of Fe within the water column (Conway & John 2014,
Fitzsimmons et al. 2015, John & Adkins 2012). As such, using δ56Fe as a simple tracer for atmo-
spheric inputs into the ocean is more complicated than was first hoped.

Using δ56Fe as a surface-ocean dust tracer is further complicated by recent observations that
aerosol Fe derived from human sources, such as biomass burning, biofuels, and industrial com-
bustion, can be observed in aerosol dust collected over the ocean (Mead et al. 2013). This anthro-
pogenic Fe is highly soluble and often isotopically light (−4.1‰ to+0.3‰) compared with natural
dust and results from biomass burning (Mead et al. 2013) or industrial combustion (Kurisu et al.
2016a,b, 2019; Majestic et al. 2009). These patterns suggest that δ56Fe in aerosols may provide
utility in discriminating different sources of aerosol Fe, especially when coupled with dust deposi-
tion models (Conway et al. 2019, Kurisu et al. 2021). However, further work is needed to establish
the isotopic signatures of these end members—for instance, while Fe released from industrial
combustion is reasonably well constrained, biomass-burning Fe signatures are still unknown (al-
though plants are known to be isotopically light; von Blanckenburg et al. 2009). Questions also
remain about potential isotopic fractionation of anthropogenic Fe during transport (Mulholland
et al. 2021). Furthermore, the isotopic signatures of Fe released by wildfire and volcanic ash emis-
sions are not yet constrained, although fire might be expected to be a mixture of plants and soils
(Hamilton et al. 2022, Perron et al. 2022), with the former being light and the latter ranging from
−0.2‰ to +0.9‰ (reviewed in Johnson et al. 2020). In sum, while δ56Fe is a promising emerging
tracer for distinguishing the different types of Fe in atmospheric aerosols, the isotopic signature
of atmospheric Fe (and, more importantly, the soluble Fe fraction) delivered to the surface ocean
varies regionally, in addition to any biological fractionation in surface waters (see Section 5.1),
precluding a simple δ56Fe end member to the oceans.

3.3. Hydrothermal Vents

Hydrothermal fluids have a range of tectonic histories and subseafloor circulation pathways that
result in diverse fluid temperatures and chemical compositions (German & Seyfried 2014). The
highest-temperature black smoker fluids are typically acidic and anoxic, and thus they leach Fe as
Fe(II) from subsurface rocks up to millimolar concentrations, more than a million times greater
than deep-ocean subnanomolar Fe concentrations. The δ56Fe of these high-temperature hy-
drothermal fluids is not uniform, ranging from−0.69‰ to−0.12‰.However, they are all isotopi-
cally light compared with igneous rock sources (δ56Febasalt of +0.11‰ ± 0.01‰; Teng et al. 2013),
likely due to preferential leaching of isotopically light Fe in the high-temperature subseafloor
reaction zone, which leaves the Fe-depleted basalts isotopically heavy (Rouxel et al. 2003). Hy-
drothermal host rock type affects hydrothermal δ56Fe, as ultramafic (mantle)–hosted hydrothermal
fluids have slightly heavier fluid δ56Fe (−0.23‰ ± 0.09‰ and −0.12‰ ± 0.09‰ at two sites on
the Mid-Atlantic Ridge) than basalt-hosted fluids (−0.25‰ to −0.7‰) (Beard et al. 2003; Bennett
et al. 2009; Nasemann et al. 2018; Rouxel et al. 2008a, 2016; Severmann et al. 2004; Sharma et al.
2001). Additionally, while hydrothermal vapor-brine phase separation appears to fractionate δ56Fe
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only mildly (<0.15‰; Beard et al. 2003), the fluid’s subseafloor reaction environment can influ-
ence δ56Fe much more. For example, one of the heaviest hydrothermal fluids observed to date
comes from Loihi Seamount, a low-temperature (<60°C), highly acidic venting system that mixes
with seawater in the subseafloor reaction zone, resulting in a δ56Fe of +0.05‰ ± 0.21‰ (Rouxel
et al. 2018), indistinguishable from the δ56Fe of its basaltic host.

The largest hydrothermal δ56Fe fractionation occurs in the seawater hydrothermal plume,
where hot reducing hydrothermal fluids mix with oxic seawater before reaching neutral buoyancy,
at which point they extend horizontally into the abyssal ocean. A multitude of abiotic and biotic
Fe transformations move Fe from the dissolved to particulate phase in hydrothermal plumes, such
that it was discovered only recently that a small fraction of hydrothermal Fe is in fact stabilized in
the dissolved phase and contributes to the oceanic dFe inventory (Fitzsimmons et al. 2014, Resing
et al. 2015, Tagliabue et al. 2010). Often the first Fe reaction that occurs in hydrothermal plumes
is pyrite formation, which exhibits a kinetic isotope effect of �56Fepyrite-dFe = −0.60‰ ± 0.12‰
(Bennett et al. 2009, Butler et al. 2005). This can occur subsurface prior to venting, or upon vent-
ing to form the black smoke particles or pyrite nanoparticles that are isotopically light, leaving
the remaining Fe(II) isotopically heavier than the vent fluid (Klar et al. 2017b, Lough et al. 2017).
Then the oxygen carried by entrained seawater oxidizes the Fe(II) to Fe(III), which is associated
with a large +3‰ isotope effect (Welch et al. 2003) and potential additional kinetic isotope effects
associated with the subsequent precipitation of Fe (oxyhydr)oxide colloids or particles. These cu-
mulative redox and precipitation reactions drive the remaining dFe to be isotopically light, some-
times as light as −3‰ to −4‰ (Wang et al. 2021), and the precipitated Fe(III) (oxyhydr)oxides to
be isotopically heavy, relative to the initial vent fluid.

The other major mechanism of dFe stabilization in the hydrothermal plume is through com-
plexation by organic ligands (Sander & Koschinsky 2011), when strong organic complexes prefer-
entially bind isotopically heavy Fe (Morgan et al. 2010).Consequently, in the distal reaches of aged
hydrothermal plumes, where much of the nanoparticulate Fe has aggregated or been removed
onto particles (Ellwood et al. 2015), the ligand-bound Fe is thought to be the primary form of
persistent hydrothermal dFe (Fitzsimmons et al. 2017), a hypothesis supported by the isotopically
heavy δ56Fe of ≥+0.5‰ observed in distal hydrothermal plumes (Fitzsimmons et al. 2016, 2017;
Sieber et al. 2021). Thus, altogether, hydrothermal vents can source isotopically light or heavy Fe
into seawater (Figures 2 and 3), depending on the host rock and fluid geochemistry of the vent, as
well as the environmental conditions driving reactions over time within the hydrothermal plume.

3.4. Rivers and Estuaries

Rivers host a wide range of δ56Fe (−1.34‰ to +1.78‰), not because of particularly strong redox
gradients but due to the diverse physicochemical speciation that riverine Fe can exhibit. Riverine
dFe can be bound to organic ligands of soluble or colloidal size or exist as nanoparticulate clays,
Fe (oxyhydr)oxides, or other minerals.

There are three major trends in riverine δ56Fe. First, rivers with high suspended particle loads
and low organic content have dissolved δ56Fe indistinguishable from crustal values, consistent
with Fe release sans fractionation during physical rock weathering into nanoparticles of similar
speciation as riverine particles (Han et al. 2021, Ingri et al. 2006).By contrast, the second river type,
with low suspended particle loads but high organic content (e.g., the Negro River and Amazon;
Bergquist & Boyle 2006b,Mulholland et al. 2015), has isotopically heavy dissolved δ56Fe (+0.25‰
to +1.78‰), consistent with the mobilization of isotopically heavy Fe bound by organic ligands.
This trend is observed in tropical, boreal, and temperate organic-rich rivers (Akerman et al. 2014;
Escoube et al. 2009, 2015; Hirst et al. 2020). There has also been a nice demonstration across Fe
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size fractions, showing the heaviest δ56Fe in the smallest Fe size fractions, which have low Fe/C
ratios, while the more crustal δ56Fe is in the largest colloidal or particulate size fractions, which
have the highest Fe/C ratios (Ilina et al. 2013). The third river type has isotopically light dissolved
δ56Fe (0‰ to−1.34‰) as a result of Fe supply from organic-rich soil horizons experiencingDIR in
the river’s watershed (Escoube et al. 2015, Fantle &DePaolo 2004,Han et al. 2021). Light riverine
δ56Fe can also derive from anthropogenic Fe inputs in urban or industrialized areas (Chen et al.
2014, Han et al. 2021). Submarine groundwaters are sparsely sampled, but the limited dissolved
δ56Fe data that exist show a range from −0.8‰ to +0.4‰ (Rouxel et al. 2008b, Teutsch et al.
2005).

In estuaries, where river water meets seawater, the ionically driven process of flocculation re-
moves a majority of riverine Fe to the estuarine sediments (Boyle et al. 1977). Thus, it was impor-
tant to establish whether flocculation fractionates δ56Fe in order to understand what the riverine
δ56Fe fingerprint is on the ocean. It was hypothesized early on that physical aggregation of Fe and
organics should not carry an isotope effect (Beard et al. 2003). However, early experimental simu-
lations of estuarine mixing suggested that flocculation would leave the dissolved δ56Fe isotopically
light by up to 1‰ (Bergquist & Boyle 2006b). This was supported by the earliest investigation
of natural estuarine δ56Fe (de Jong et al. 2007) and studies of subterranean estuaries (−4.9‰ to
+0.4‰; Rouxel et al. 2008b), though in both cases the presence of redox-associated processes com-
plicated the interpretation. However, other field-based investigations have shown no evidence of
isotopic fractionation during charge-based flocculation (Escoube et al. 2009), including a conser-
vative δ56Fe budget when the Negro and Solimões tributaries mix into the Amazon with>50% Fe
loss (Poitrasson et al. 2014). Thus, wide spatiotemporal variability of riverine δ56Fe is interpreted
to result from changes to the physicochemical speciation of its Fe supply, and the freshwater δ56Fe
fingerprint is so far thought to be faithfully transferred through the estuary to act on seawater, so
long as redox transformations are absent.

3.5. Cryospheric Meltwaters

Fe supply from cryospheric meltwaters (glaciers, sea ice, and snow) has gained attention in recent
years as global warming accelerates meltwater production (Lannuzel et al. 2016, Raiswell et al.
2006). The δ56Fe in these cryospheric reservoirs, however, is poorly constrained and widely vari-
able. An early study of bulk Antarctic pack ice found a wide range of dissolved δ56Fe, spanning
from −1.5‰ to +0.9‰, with the brine channels showing even lighter dissolved δ56Fe of −1.5‰
to +0.1‰ and particulate δ56Fe of −3.4‰ to −0.2‰ (de Jong et al. 2007); the authors attributed
the large variability to biological fractionation within sea ice. A more recent study of Arctic sea
ice found a narrower but still broad range of dissolved δ56Fe of −1.10‰ to −0.17‰ (Marsay et al.
2018a). This same study reported dissolved δ56Fe of Arctic snow (−0.38‰ to −0.61‰) and melt
ponds (−1.90‰ to +0.13‰) and suggested that photochemical or biological reduction of Fe to
isotopically light Fe(II) must be responsible for the light δ56Fe signatures of Arctic snow, sea ice,
and melt pond systems.

Fe in glacial melt is similar to that in rivers. In physically weathered Greenland glacial streams,
for example, dissolved δ56Fe appears to fall within the crustal array, similar to particulate δ56Fe,
regardless of Fe loss during transport (Schroth et al. 2011, Stevenson et al. 2017, Zhang et al.
2015). By contrast, the Fe from subglacial streams can have δ56Fe as isotopically light as −2.1‰
as a result of incongruent silicate weathering and pyrite oxidation (Stevenson et al. 2017). This
isotopically light subglacial Fe, in combination with DIR in glacial Fe deposits that leaves pore
water δ56Fe isotopically light, has made it more difficult to use δ56Fe in sediment cores to quantify
glacial Fe fluxes to Antarctic margins than was initially hoped (Henkel et al. 2018).
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4. INSIGHTS INTO MARINE IRON BIOGEOCHEMISTRY GAINED
FROM GEOTRACES IRON ISOTOPE SECTIONS

The development of δ56Fe methods for seawater in the late 2000s coincided with the onset of the
international GEOTRACES program, which began by undertaking intercomparison exercises
in 2008 and 2009 (Anderson et al. 2014). By this time, four laboratories had demonstrated the
ability to measure dissolved δ56Fe accurately in seawater at the precision (<0.1‰) required to
investigate natural variability, and intercomparison has been excellent across international groups
(Boyle et al. 2012, Conway et al. 2016, Ellwood et al. 2020). The outcome of this is that δ56Fe
sections and data sets generated by international groups can be interpreted as a single synthesized
product (Figure 1).

The first pioneering studies to investigate dissolved δ56Fe variability in the oceans recorded a
range of >4‰, even in just the first 50 sample analyses ( John & Adkins 2012, John et al. 2012b,
Radic et al. 2011). Extension of these methods to rapid-throughput analyses (Conway et al. 2013)
led to the first ocean section of dissolved δ56Fe (∼500 samples; Conway & John 2014). The global
δ56Fe data set has continued to grow apace since then. At the time of writing, dissolved δ56Fe data
are available for eight full GEOTRACES sections spanning the Atlantic, Pacific, Southern, and
Arctic Oceans (GA03,GA08,GA10,GIPY4,GN01,GP15,GP16, andGP19),with the Pacific and
Atlantic subsets shown in Figure 1. These studies are complemented by a range of smaller-scale
process studies, which together with GEOTRACES brings the total marine dissolved δ56Fe data
availability to 3,063 data points [tabulated in Conway et al. 2021, which includes data from the
GEOTRACES Intermediate Data Product 2021 (GEOTRACES Int. Data Prod. Group 2021),
Pinedo-González et al. 2020, Wang et al. 2021, and Zhang et al. 2021 as well as the unpublished
GA08 and GP15 data shown in Figure 1]. This explosion in seawater δ56Fe data has provided
great leaps in our understanding of the marine Fe cycle, including a range of novel insights into
the importance of discrete oceanic Fe sources, dFe transport and longevity, and the speciation and
form of the dFe pool. Here, we highlight four examples of how Fe isotope studies have driven
novel advances in understanding the marine Fe cycle.

4.1. Quantifying the Importance of Multiple Iron Sources

GEOTRACES GA03, the first high-resolution dissolved seawater δ56Fe isotope section in the
oceans, spanned the subtropical Atlantic from Europe to the United States via the African Mau-
ritania margin (Conway & John 2014). Given assumptions of the δ56Fe signatures of relevant
potential sources to this region (e.g., sedimentary dissolution, dust, and hydrothermal venting),
Conway & John (2014) created a simple isotope mass balance model that solved for the fraction
that each source contributed to total dFe at each oceanic location:

δ56Femeas = δ56FeA fA + δ56FeB fB,

fA + fB = 1,

where f is the fraction of Fe contributed by source A or B. Their quantitative results showed that
the subtropical North Atlantic is characterized by point sources ranging from isotopically light to
crustal Fe (−1.4‰ to +0.1‰) associated with deep margin sources (sediments and Mid-Atlantic
Ridge venting) atop a pervasive background of dust-derived, isotopically heavy dFe (+0.7‰). In
fact, isotopically heavy dFe was unexpected prior to this study (see Section 3.2), since character-
ized oceanic Fe sources were light or crustal, but was attributed to the solubilization of isotopically
heavy Fe from dust by organic ligands (Dideriksen et al. 2008, Morgan et al. 2010). The distribu-
tion of Fe sources across the GA03 section was fortuitous, as Conway & John (2014) were able
to divide the section into regions where only two sources were significant: dust and sediments.
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They calculated that 71–87% of the GA03 dFe came from dust, 1–4% from RD in sediments,
2–6% from hydrothermal venting, and 10–19% from NRD in sediments. This was the first study
to quantify different Fe sources to an ocean basin, but it also highlights the GEOTRACES con-
sensus that a panoply of deep Fe sources influence the Fe cycle. Perhaps the most notable finding
of this study was the inferred importance and proliferation of Fe sourced from NRD on the oxic
margin of North America into the western Atlantic, consistent with the developing understand-
ing from pore water studies (Homoky et al. 2013). Quantitative modeling of δ56Fe signatures
such as those on GA03 has not been attempted since due to the regional applicability of end-
member δ56Fe signatures and potential interferences from internal cycling δ56Fe fractionation (see
Section 5). However, the strategy of identifying Fe sources based on δ56Fe signatures is now quite
routine and has been used to diagnose multiple specific Fe supply mechanisms that we discuss
next.

4.2. Distinguishing Sedimentary Dissolved Iron Supply Mechanisms

Historically, sediment geochemists, biogeochemical modelers, and early pioneers of δ56Fe analy-
ses regarded the main dissolution pathway for Fe in sediments to be DIR under anoxic conditions
(Dale et al. 2015, Elrod et al. 2004, Froelich et al. 1979). δ56Fe studies within sediment pore waters,
benthic incubation chambers, and the overlying water column in such environments confirmed
RD-derived efflux of isotopically light Fe(II) with a signature that persists into bottom waters,
highlighting δ56Fe as a promising (local) sediment-derived Fe tracer (Section 3.2). This reductive
Fe production mechanism was thought to be important only where organic carbon supply is high,
for example, on marginal shelves and under productive upwelling regions. In locations meeting
those criteria, δ56Fe has been used to diagnose the presence or absence of RD-derived Fe—for
instance, Arctic river-derived water rich in dFe near the North Pole crosses the productive Arc-
tic continental shelves, where RD is expected, but near-crustal δ56Fe confirmed a riverine, not
RD, dFe source (Charette et al. 2020, Zhang et al. 2021). Additionally, GEOTRACES sections
have confirmed the presence of light dissolved δ56Fe in open ocean waters, indicating that the
RD-derived light δ56Fe signature survives oxic conditions and can be traced over thousands of
kilometers from the margins, even when concentrations are not especially elevated ( John et al.
2018, Sieber et al. 2021) (Figure 1).

Moreover,GEOTRACES dissolved δ56Fe studies are responsible for the discovery of the novel
NRD pathway in sediments, with its distinctive crustal or slightly heavy signature (Radic et al.
2011). This dissolution mechanism, akin to oxic weathering of sediment, is thought to produce
Fe(III) colloids in oxic sediment pore waters that are then released into bottomwaters by sediment
resuspension (Homoky et al. 2021). Since this mechanism has no dependence on organic carbon
flux or benthic oxygen and produces Fe in a form that may persist longer than Fe(II), it may
dominate in deeper parts of the ocean (Homoky et al. 2011). In fact, these NRD Fe signals are
found globally (Figure 1), including in the western North Atlantic (Conway & John 2014), the
Pacific (Conway & John 2015, John et al. 2018, Labatut et al. 2014), and the Southern Ocean
(Abadie et al. 2017). Prior to dissolved δ56Fe measurements, these deep NRD-derived Fe sources
were unknown, whereas now they are beginning to be incorporated into global biogeochemical
Fe models (König et al. 2021).

4.3. Distinguishing Anthropogenic and Natural Aerosol Iron

With natural dust aerosol constrained as crustal (+0.1‰; Beard et al. 2003) and the urgent need
for a reliable tracer of the presence of anthropogenic Fe within atmospheric aerosols that are
delivered to the ocean, the hunt was on to determine whether nonnatural Fe sources such as
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industrial combustion might have δ56Fe signatures that were resolvable from desert dust. The
first insight came from a time series of aerosol δ56Fe collected on Bermuda (Mead et al. 2013),
which showed that although atmospheric particles were dominated by natural dust, isotopically
light Fe that might be nonnatural occurred in the winter, when the Saharan dust flux is lower.
In two papers from Japan, Kurisu et al. (2016a,b) showed that combustion sources do generate
isotopically light aerosol Fe (−4.1‰ to +0.3‰), with the isotopically lightest Fe being present in
the smallest particles, which are the ones most likely to persist long distances into the open ocean.
Furthermore, they showed that these combustion-derived particles liberate even lighter Fe (down
to −4.7‰) when they dissolve in water (Kurisu et al. 2019). Analyses of δ56Fe in bulk and water-
soluble aerosols collected on GEOTRACES cruises in both the North Atlantic and the Pacific
have similarly revealed light signatures in natural marine aerosols (Conway et al. 2019, Kurisu
et al. 2021). In these studies, the authors then applied a two-component isotopemixing approach to
both quantify the presence of industrial combustion versus desert dust in aerosols and inform and
improve the parameterization of global dust deposition models. Isotopically light Fe has also been
observed in surface waters in the North Pacific and been attributed to anthropogenic deposition
(Pinedo-González et al. 2020). While work is still underway to best characterize appropriate end
members, δ56Fe shows great promise in this area.

4.4. Iron Speciation in Hydrothermal Plumes

While hydrothermal Fe was historically thought to be quantitatively removed to sediments via
sinking particles near vent sites, early modeling of hydrothermal Fe suggested that some dFe
leaked through to the open ocean (the leaky vent hypothesis) and could fertilize primary produc-
tion upon upwelling in the Southern Ocean (Tagliabue et al. 2010). In 2014–2015, discovery of the
transport of vent-derived dFe over 4,000 km from the southern East Pacific Rise into the abyssal
South Pacific shattered any remaining vestiges of earlier paradigms,proving the leaky vent hypoth-
esis (Fitzsimmons et al. 2014, Resing et al. 2015). Since then, ongoing efforts have investigated the
mechanisms of dFe stabilization in hydrothermal plumes, including chelation by organic ligands
and the stabilization of nanoparticulate sulfides or oxyhydroxides (Gartman et al. 2014, Sander
& Koschinsky 2011). Barring analytical methods to distinguish inorganic nanoparticles from or-
ganically bound dFe in seawater, δ56Fe has provided critical constraints on dFe physicochemical
speciation in hydrothermal plumes. For example, δ56Fe measurements on the US GEOTRACES
GP16 South Pacific zonal section showed that the large southern East Pacific Rise plume is sus-
tained by reversible particle–ligand interactions, with the δ56Fe of the plume evolving frommostly
nanoparticulate Fe oxyhydroxides in the near field (−0.2‰) to only dissolved ligand complexes in
the far field (+0.68‰) as the nanoparticles aggregated away (Fitzsimmons et al. 2017). Closer to
the vent sites,measurements andmodeling of δ56Fe have provided additional insights into not only
Fe speciation but also the oxidation timescales and rates of the Fe transformations that set the dFe
concentration that extends into the abyssal ocean (Bennett et al. 2009; Lough et al. 2017; Rouxel
et al. 2008a, 2016, 2018; Severmann et al. 2004). Therefore, while the δ56Fe of hydrothermal dFe
is variable (Figure 3) and thus not diagnostic on its own, combining it with hydrothermal chemi-
cal composition (e.g., Fe/H2S) allows it to provide extremely valuable insights into hydrothermal
Fe speciation, reactivity, and fate upon mixing into the global ocean.

5. IRON ISOTOPE FRACTIONATION DURING INTERNAL OCEANIC
CYCLING PROCESSES

The application of δ56Fe as an Fe source tracer is quite mature, but in order for this tracer tech-
nique to operate, it must be assumed that end-member signatures are set at their sources and
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then are not further fractionated by internal cycling processes. While global data sets do support
long-distance fidelity of δ56Fe signatures (e.g., carried in Antarctic Intermediate Water; Abadie
et al. 2017, Fitzsimmons et al. 2016, Lacan et al. 2008, Sieber et al. 2021), this assumption is
not always true, as internal cycling processes (biological uptake, scavenging to particles, oxidative
precipitation, and organic complexation) can fractionate source δ56Fe signals and therefore must
be considered and constrained. Overall, the role of δ56Fe fractionation during internal cycling Fe
transformations has been much less well studied in seawater than in the Fe source regions. We
review progress and uncertainties in those fractionation factors here and show that quantifying
the Fe isotope fractionation of these different internal cycling processes can also provide us with
valuable insight into those specific processes.

5.1. Biological Uptake

An obvious target for internal cycling studies of Fe isotopes is the potential isotope effect dur-
ing assimilation of Fe by phytoplankton. A priori, we might expect that uptake of Fe into cells
would be under kinetic control and as such favor the lighter Fe isotopes, leading to an expressed
isotope fractionation, as is seen with the other trace metals (such as cadmium and zinc) in cul-
ture ( John et al. 2007, Lacan et al. 2006). That said, different phytoplankton acquire specific dFe
species using different Fe transport systems, which include direct Fe(II) transporters, cell-surface
reductases of Fe(III) to Fe(II), and siderophore-mediated transporters for specific Fe–ligand com-
plexes (discussed in Hutchins et al. 1999, Morel et al. 2008). Since these processes would likely
induce different isotope effects, uptake fractionation could add a new dimension to understand-
ing uptake mechanics. However, to date, the challenges of culturing (e.g., Fe precipitation, bottle
wall adsorption, and ligand fractionation effects) have so far precluded clear estimates of Fe iso-
tope fractionation of phytoplankton in culture, though efforts are ongoing ( John et al. 2012a).
Instead, limited insights are provided by a handful of open ocean field studies that compare dis-
solved and particulate δ56Fe in the euphotic zone. For instance, studies in the equatorial Pacific
and the Southern Ocean have suggested that phytoplankton are −0.13‰ to −0.25‰ (Radic et al.
2011) and −0.54‰ (Ellwood et al. 2015) lighter than the dFe pool, respectively. Regeneration of
light biogenic material has been invoked to explain the large-scale patterns of light δ56Fe in the
South Atlantic (Abadie et al. 2017, König et al. 2021), though this has also been explained as an
isotopically light source signal (Sieber et al. 2021).

Most recently, pseudoclosed systems such as the Antarctic Mertz Polynya and a Southern
Ocean eddy have been used to demonstrate a preference for light Fe during biological assimi-
lation, with a calculated αcell/dFe fractionation factor of 0.999, which is equivalent to a �56Fecell-dFe
of approximately −1‰ (Ellwood et al. 2020, Sieber et al. 2021). However, modeling has shown
that this �56Fecell-dFe can also be explained by a mix of bio-uptake at −0.6‰, regeneration at
+0.15‰, scavenging at −0.3‰, and complexation at +0.6‰ (Ellwood et al. 2020), which could
explain the large range of αcell/dFe (0.9985 to 0.99985) required to satisfy surface δ56Fe variability
across the Southern Ocean (Sieber et al. 2021).While this highlights that more work is needed, it
also suggests that the net �56Fecell-dFe of biological Fe uptake is likely −0.5‰ to −1‰ (αcell/dFe of
0.999 to 0.9995), which is equivalent to that used in the first attempt to model global Fe isotope
distributions (König et al. 2021).

Lastly, it is worth noting that in observations of the euphotic zone prebloom and in the deep
chlorophyll maximum of the North Atlantic, net biological activity [e.g., grazing, microbial pro-
duction of Fe(II), and selective acquisition of Fe species] may actually drive the dFe pool light
(Conway & John 2014, Ellwood et al. 2015). Such observations highlight the promise of using
process studies to constrain Fe speciation and internal cycling.
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5.2. Scavenging and Iron Complexation Effects

A second target for internal Fe cycling studies of Fe isotopes is the potential isotope effect during
scavenging of Fe from the dissolved to the particulate phase, as Fe is a hybrid-type element that
is both biologically cycled and abiotically scavenged onto sinking particles. The term scavenging
includes dFe adsorption onto marine particle surfaces, dFe aggregation or coagulation through
colloids to particles, and coprecipitation of dFe during the formation of mineral structures. Fe
scavenging can be reversible or irreversible and can be organically or inorganically hosted. Given
the variety of Fe species and molecular processes involved in scavenging, it is perhaps no surprise
that a single isotope effect for this process has not been assigned.

The earliest experimental investigation of adsorption-based Fe isotope effects observed that
Fe(II)(aq) was lost by adsorption onto goethite minerals with a�56Feadsorbed-Fe(II)(aq) of+2‰ (Icopini
et al. 2004).However, given the potential for redox transformations in that adsorption experiment,
their observed fractionation is likely much larger than would be observed in Fe(III)-dominated
natural systems such as seawater. Fe isotope effects associated with natural oceanic scavenging
were first empirically assigned based on comparisons of dissolved and particulate δ56Fe outside
of the bioactive euphotic zone, with a �56FepFe-dFe of −0.2‰ to −0.3‰ (Radic et al. 2011) and
�56FepFe-dFe of −0.27‰ ± 0.25‰ (Labatut et al. 2014). In a hydrothermal plume, this scavenging
was observed to have a larger �56FepFe-dFe of −0.67‰ (Ellwood et al. 2015).

However, an alternative hypothesis for these �56FepFe-dFe patterns is based on unique reac-
tivity timescales for individual dFe and pFe species (Fitzsimmons et al. 2017). dFe is a complex
mixture of physicochemical species, particularly in regions experiencing externally supplied Fe
(e.g., from dust, hydrothermal sources, or sediments) where inorganic Fe nanoparticles are found
(Fitzsimmons et al. 2015). Each of these dFe species might carry a different δ56Fe and might re-
act over different timescales in ways that can be perceived as apparent δ56Fe fractionation during
scavenging. For instance, in a mathematical model, different dFe species (e.g., inorganic oxyhy-
droxides versus organically bound dFe) in a hydrothermal plume were allowed to be scavenged
ontomarine particles at different rates (Fitzsimmons et al. 2017).This changed the dissolved δ56Fe
over time without necessitating classical kinetic isotope fractionation during scavenging; indeed,
it was not a certain mass of Fe that was reacting faster but a certain species of Fe that carried a
unique δ56Fe. However, the apparent �56FepFe-dFe of this scavenging is entirely dependent on the
original mixture and δ56Fe of dFe species and the pFe scavenging regime; thus, this scavenging
�56FepFe-dFe cannot be universally applied.

In summary, due to the complexities of the molecular mechanism of Fe scavenging in seawater,
it is difficult to assign a �56Fe to scavenging under natural conditions. However, these discussions
highlight the utility of δ56Fe measurements across different operational size fractions of Fe in
order to access different pools of Fe species. This has been well explored in rivers (Escoube et al.
2009, 2015; Ilina et al. 2013;Mulholland et al. 2015) but less well studied in seawater (Fitzsimmons
et al. 2015, Zhang et al. 2021).

6. CONCLUSIONS

Fe isotopic analyses of seawater have been performed only in the last 15 years, but the more than
3,000 analyses during that time have transformed our ability to diagnose the sources of Fe to
the ocean. We have learned that end-member δ56Fe signatures exist, but they must be region-
ally assigned, as different source regions host a variety of isotope-fractionating reactions that can
drive δ56Fe to variable end-member signatures, even for the same type of Fe source. This has
expanded our knowledge not only of the ocean but also of the individual Fe transformations oc-
curring in these end-member systems. The explosion of δ56Fe analyses in seawater hosted by the
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GEOTRACES program has revealed that by modeling Fe isotope distributions, we are able to
distinguish reductive and nonreductive benthic Fe fluxes to the ocean, identify anthropogenic
and natural dust fluxes, and determine which dFe species persist in hydrothermal plumes. Indeed,
NRD in sediments and new insights into hydrothermal Fe speciation would not have been dis-
covered without δ56Fe. δ56Fe measurements have undoubtedly provided a new dimension of Fe
source partitioning, as they have been applied in nearly every global ocean basin and have been
used to ground-truth source fluxes in Fe biogeochemical models.

The greatest uncertainty in the interpretation of δ56Fe is the potential δ56Fe fractionation dur-
ing internal Fe cycling, such as biological uptake and regeneration, ligand exchange, photochem-
ical processes, and scavenging. Realistic experimental constraints of this fractionation remain a
challenge, but we have begun to infer relevant isotope effects of biological uptake and scaveng-
ing from process studies. Future δ56Fe modeling efforts will combine the power of Fe concen-
trations and δ56Fe, which should double the predictive power of this elusive but ever-critical
micronutrient.

FUTURE ISSUES

1. How should we predict regionally applicable δ56Fe end members? Such prediction will
require not onlymeasuring endmembers that have not been previously constrained (e.g.,
biomass burning versus wildfire Fe) but also experimentally investigating fractionation
as those Fe sources meet seawater (e.g., dust solubilization by natural Fe ligands and
redox fractionation at the sediment–water interface).

2. What new techniques can we use to assess the δ56Fe of different fractions of the dissolved
Fe pool?

3. What is the δ56Fe fractionation during binding of Fe by natural organic ligands, and how
does it vary with ligand type?

4. What is the δ56Fe fractionation of biological Fe uptake into different phytoplankton
species that utilize different Fe uptake mechanisms, based on culture? What is the δ56Fe
fractionation of grazing and bacterial respiration?

5. Are there δ56Fe isotope effects associated with surface photochemistry?

6. What, if any, is the δ56Fe fractionation associated with different mechanisms of marine
dissolved Fe scavenging? When scavenging is accounted for, are δ56Fe signatures faith-
fully transported along water masses?

7. What are the magnitude and direction of the δ56Fe fractionation factor for dissolved Fe
across marine oxyclines, and which processes (equilibrium, kinetic, or ligand binding)
drive this?

8. How should all of these biotic and abiotic processes be parameterized in δ56Fe models,
and do these models provide additional insight into marine Fe biogeochemistry?
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